In intersubgeneric crosses of diploid evergreen azaleas (EV) × diploid Rhododendron japonicum f. flavum (JP), many progenies become albino as a result of plastome-genome incompatibility between a plastid genome from EV and a nuclear genome from JP. To clarify the mechanism of the incompatibility, inter-and intra-ploid crosses of diploid (2x) EV × diploid (2x) JP, tetraploid (4x) EV × tetraploid (4x) JP, 2x EV × 4x JP, and 4x EV × 2x JP were conducted. Seeds were obtained in all crosses, although the number of progenies per capsule was relatively low in crosses with 4x JP as a pollen parent. Plastome-genome incompatibility between a plastid genome from EV and a nuclear genome from JP was observed in progenies from 2x EV × 2x JP, 4x EV × 4x JP, and 2x EV × 4x JP, but not in 4x EV × 2x JP. This result indicates that plastome-genome incompatibility was broken by relative increase of the genome from EV in the nuclear genome of progenies.
Introduction
The appearance of albino progenies is a serious problem for cross breeding because of their inability to reproduce. It was reported that such albinism was caused by plastome-genome incompatibility in several genera, e.g. Oenothera (Kirk and Tilney-Bassett, 1978; Stubbe, 1960) , Trifolium (Pandey et al., 1987) , Pelargonium (Metzlaff et al., 1982) , and Zantedeschia (Yao et al., 1994 (Yao et al., , 1995 .
In Azaleas, albino progenies by plastome-genome incompatibility were also reported widely in cross combinations from intergeneric crosses between Menziesia and Rhododendron (Kita et al., 2005a, b) to intraseries crosses between Rhododendron serpyllifolium and other species belonging to series Kaempferia (Michishita et al., 2002) . Establishment of a method to overcome this incompatibility is therefore, desired.
We have conducted intersubgeneric crosses between several evergreen azaleas (EV) belonging to subgen. Tsutsusi and yellow-flowered deciduous azalea of Rhododendron japonicum f. flavum (JP) belonging to subgen. Pentanthera to produce yellow-flowered evergreen azaleas (Ureshino, 2008) , and clarified as follows. 1. Unilateral cross incompatibility existed in the cross, and seedlings were obtained only when EV were used as a seed parent (Ureshino et al., 2000) . 2. Most seedlings were albino, and the frequency of green seedlings was low in the cross of 2x EV × 2x JP (Ureshino et al., 1998) . 3. Albinism of seedlings was caused by plastomegenome incompatibility between the plastid genome from EV (maternal plastome) and the nuclear genome from JP, and green progenies were obtained only when ptDNA of progenies was inherited from JP (paternal inheritance) (Ureshino et al., 1999) .
We also reported that this plastome-genome incompatibility was overcome when nuclear genome construction of progenies was 2x from EV and 1x from JP, i.e. the incompatibility was overcome in the cross of 4x EV × 2x JP (Sakai et al., 2008; Ureshino et al., 2002) . From the results, as a reason for overcoming the incompatibility, two hypotheses could be considered, i.e. by quantitative increase of the nuclear genome from EV, or by relative increase of the nuclear genome from EV to that from JP in progenies, however, the relationship between nuclear genome construction of progenies and plastome-genome incompatibility is unclear. To clarify
Materials and Methods

Plant materials
Intra-and inter-ploid crosses between EV and JP were conducted. As diploid EV, two accessions of R. indicum (IND), one of R. eriocarpum (ERI), one F 1 hybrid from R. kiusianum × R. indicum (KIU × IND) were used. As tetraploid ones, two accessions of IND and one F 1 hybrid of KIU × IND were used. These EV were used as seed parents, and were crossed to diploid and tetraploid accessions of JP. The flower color of cross parents is described in Table 1 . Pollen viability of JP was evaluated by the standard acetocarmine technique as described in a previous report (Ureshino et al., 2006) . Capsules were harvested at 180 days after crossing, and the derived seeds were used for in vitro sowing.
In vitro seed sowing
Seeds were soaked in 50 mg·L −1 gibberellic acid (GA 3 ) solution for 24 h, and sterilized in 10% sodium hypochlorite solution for 15 min followed by three washes in sterile distilled water. Seeds were then sown on Anderson's rhododendron medium (pH 5.0) (Anderson, 1984) with 30 g·L −1 sucrose and 3.5 g·L
gellangum. After one month, the percentage of seed germination and leaf color of the seedlings were observed. Seedlings were then transferred into medium with 10 mg·L −1 of N 6 -[2-isopentenyl] adenine (2ip) for induction of multiple shoots, which were used for further investigation. All cultures were performed at 25°C in a growth chamber with light (ca 44.73 μmol·s −1 ·m −2 ) at 16 h day length.
Isozyme analysis
To clarify the hybridity and nuclear genome construction of seedlings, three isozymes of isocitrate dehydrogenase (IDH, EC 1. 1. 1. 41), phosphoglucomutase (PGM, EC 2. 7. 5. 1) and, glucose phosphate isomerase (GPI, EC 5. 3. 1. 9) were analyzed using the starch gel electrophoresis system described in a previous report (Ureshino et al., 1998) .
PCR-SSCP analysis
To clarify the ptDNA inheritance of progenies, PCR-SSCP analysis in the Trn L-F region was conducted as in a previous report (Itabashi et al., 2008) .
Results
Cross compatibility
Pollen fertility of both 2x and 4x JP was more than 90%. Capsules set in all crosses (Table 2) . Despite the ploidy level of EV used as a seed parent, the number of seeds per capsule in the cross with 2x JP as a pollen parent was higher (more than 150) than those in the cross with 4x JP as a pollen parent (less than 25). Germination rate of seeds was relatively high in 2x EV × 2x JP (16.9-57.0%), 4x EV × 2x JP (16.8-79.0%), and 4x EV × 4x JP (24.6-65.2%). In 2x EV × 4x JP; however, it was less than 14.3%.
Leaf color of seedlings was segregated into green, pale green and white (albino) ( Table 2 ). Among them, albino and pale green seedlings from 4x EV × 2x JP became green during development (virescent). These seedlings therefore were used as green seedlings for the following investigation. Green seedlings were obtained from 2 out of 4 crosses of 2x EV × 2x JP and all of 4x EV × 2x JP. Among them, a high frequency of green seedlings was appeared in the cross of 4x EV × 2x JP.
Nuclear genome construction of progenies
Specific alleles for JP were detected at all three loci, i.e. d at Idh-1, d at Pgm-2, and f' at Gpi-2. The hybridity of seedlings therefore could be confirmed with isozyme analysis. For example, in IDH, progenies had specific alleles of each parent and could be confirmed to be of hybrid origin (Fig. 1) . As for other enzymes, hybridity of progenies was also confirmed despite the leaf colors (Table 3) . From the genotypes of progenies, the ploidy level of progenies was presumed to be diploid in 2x EV × 2x JP, tetraploid in 4x EV × 4x JP, and triploid in 4x EV × 2x JP and 2x EV × 4x JP, and the nuclear genome ratio of EV : JP was 1 : 1 in 2x EV × 2x JP and 4x EV × 4x JP, 2 : 1 in 4x EV × 2x JP, and 1 : 2 in 2x EV × 4x JP.
PtDNA inheritance of progeny A different banded phenotype was detected between EV and JP with PCR-SSCP analysis at Trn L-F region (Fig. 2) . PtDNA from EV (maternal inheritance) was detected in pale green and albino progenies from all crosses and in green progenies from 4x EV × 2x JP (Table 4) . Paternal ptDNA was only detected in green progenies from 2x EV × 2x JP and one green progeny from 4x EV × 2x JP.
Discussion
A difference in cross compatibility between intra-and inter-ploid crosses was reported in Solanum and Arabidopsis (Johnston et al., 1980; Masuelli et al., 1997; Scott et al., 1998) . Abnormal seed development, which was caused by dysfunction of the hybrid endosperm, mainly affected compatibility. As one of the hypotheses of the success or failure of endosperm development, the (1) ad (20):
Idh-1 beee × dd bde(1):dee (1) bde (4):dee(5) Pgm-2 aabb × dd aad(1):abd(4):bbd (1) abd (6) endosperm balance number (EBN) hypothesis was proposed (Johnston et al., 1980) . According to the hypothesis, normal development of the hybrid endosperm requires a 2 : 1 maternal to paternal EBN ratio in this tissue (Masuelli et al., 1997) . Johnston et al. (1980) also reported that a reciprocal difference in the interploidal cross could be explained by the hypothesis because of the different EBN ratio. In this study, an apparent difference of cross compatibility was observed among interploid crosses. Since the percentage of seed germination was relatively high in the cross of 2x EV × 2x JP, it was presumed that EBN of 2x EV was the same as that of 2x JP (i.e. 2 : 1 maternal to paternal EBN ratio in endosperm of progenies). In this case, a maternal : paternal EBN ratio in the endosperm of progenies was theoretically 1 : 1 in 2x EV × 4x JP and was 4 : 1 in 4x EV × 2x JP. Percentage of seed germination was very low in the interploid cross of 2x EV × 4x JP as compared to 4x EV × 2x JP. The EBN ratio might affect the difference in the cross incompatibility in this study.
It was reported that albinism of progenies (nuclear genome construction is EJ) from 2x EV (EE) × 2x JP (JJ) was caused by plastome-genome incompatibility between the plastid genome of EV and the nuclear genome of JP (Ureshino et al., 1999) . A similar phenomenon was observed in the present study, and plastome-genome incompatibility was also observed in progenies (nuclear genome construction is EEJJ and EJJ, respectively) from 4x EV × 4x JP and 2x EV × 4x JP (Table 5 ). These results indicate that a gene (or genes) in the nuclear genome of JP dominantly restricts chlorophyll development of EV chloroplast in albino progenies.
On the other hand, allotriploid progenies (nuclear genome construction is EEJ) from 4x EV × 2x JP became green although they had maternal ptDNA from EV (Table 5 ). This result indicates that the expression of the gene(s) related to chlorophyll development was silenced in progenies with EEJ genome construction. Such epigenetic change of gene expression through polyploidization was reported in several plants, and several mechanisms, e.g. cis-and trans-regulation and RNAmediated gene regulation, were related to the change (Chen and Ni, 2006) . As such epigenic gene activation, Scheid et al. (1996) reported that the gene expression of a transgene related to hygromaycin resistance was reduced in triploid progenies from 2x transgenic plant × 4x wild type compared with diploid progenies from 2x transgenic plant × 2x wild type in A. thaliana. A similar mechanism might exist to restrict plastome-genome incompatibility in intersubgeneric cross of azaleas. In the present study, plastome-genome incompatibility between the plastid genome of EV and the nuclear genome of JP could be overcome in 4x EV × 2x JP, but not in 4x EV × 4x JP. From the results, we concluded that incompatibility was broken by relative increase of the genome from EV in the nuclear genome of progenies. 
